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Abstract: The effectiveness of cement additives with and without chloride on the fluidity and the strength development of Portland 
cement was compared by using statistical full factorial design. The experimental results show that the cement additive containing 
CaCl2 and Ca(NO3)2 can enhance early strength of cement significantly. However, Ca(NO3)2 is less effective than CaCl2 even if it is 
combined with other organic chemicals such as alkanolamine and saccharide. No significant difference is found between CaCl2 and 
Ca(NO3)2 influencing the fluidity and d 28  strength of cement. The fluidity is determined by saccharide and its interaction with 
triisopropanolamine. The 28 d strength enhancement is determined by triisopropanolamine. The fluidity as well as the mechanical 
performance of treated cement can be significantly improved by combining Ca(NO3)2 with TIPA and saccharide. 
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1 Introduction 
 
Cement additive, which is evolved from grinding 
aids, is a special chemical agent that is used to intergrind 
with clinker to increase the grinding efficiency of ball 
mill and to improve the performance of finished cement 
[1−2]. Among the requirements on the modification of 
cement performance, strength improvement is one of the 
primary targets. Only in this way can the clinker be 
replaced by some industrial by-products so that the cost 
of finished cement can be reduced. Traditional strength 
activator for cementitious materials is chloride which is 
widely used as the setting and hardening accelerator. For 
concrete curing at 20 °C, an addition of 2% CaCl2·H2O 
in mass fraction of cement can double the one-day 
compressive strength [3]. However, the problem is that 
chloride brings corrosion to steel fiber in reinforced 
concrete [4−5]. Thus, some other non-corrosive 
accelerators were studied [6−7]. They were calcium 
formate, Ca(CHO2)2 and calcium nitrate, Ca(NO3)2. In 
industry, when liquid cement additive is formulated, 
Ca(NO3)2 is frequently used due to its cost efficiency and 
high solubility. Some studies show that the effect of 
Ca(NO3)2 is tended to be dependent on the contents of 
aluminate and belite in cement [7]. In recent years, 
organic accelerators become widely accepted because of 
their low effective addition in cement. Alkanolamines 
such as triethanolamine (TEA) and triisopropanolamine 
(TIPA) are the general grinding chemicals which are 
added in the comminution process of cement 
manufacture. They are also formulated and used in some 
of the chemical admixtures, with which the mechanical 
performance of concrete can be improved by accelerating 
the hydration of specific mineral compounds of cement 
[8−10]. On the other hand, workability is also one of the 
key criteria to evaluate the rheological performance of 
cementitious materials. In order to enhance the 
workability of concrete, saccharides, which could be 
adsorbed on the surface of cement gains and hydrates, 
are often used as retarders to prolong the setting of fresh 
mix, and then additionally prohibit the further 
agglomeration among particles [3]. As a result, the 
viscosity of fresh mix decreases, and the workability can 
also be improved in a certain degree. 
The full factorial design was used in this study to 
present a laboratorial evaluation on the effectiveness of 
cement additives containing alkanolamines, saccharide 
and chloride or non-chloride accelerators on the fluidity 
and strength development of Portland cement. The 
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functions of each component of additives were well 
discussed by Pareto chart, contour plot and statistical 
two-way ANOVA. 
 
2 Experimental 
 
2.1 Materials 
A 52.5R cement was used and analyzed by X-ray 
fluorescence spectrometry (XRF). The mineral 
composition of cement was determined by Bogue 
calculation. Mineral phases of the cement were also 
identified by X-ray diffraction (XRD) with a Thermo 
ARL X’TRA in Bragg Brentano geometry (Cu radiation, 
λ=0.154 06 nm) in the range of 10°<2θ<70°, with step 
interval of 0.02° (2θ) and fixed scanning rate of 0.5 
(°)/min. The mineral and chemical compositions of 
cement are listed in Table 1. The XRD pattern of 
minerals in cement is shown in Fig. 1. Particle size 
distribution of the cement was tested with a Malvern 
Mastersizer using ethanol as the dispersant, and the result 
is shown in Fig. 2. Accelerators such as CaCl2 and 
Ca(NO3)2, alkanolamines such as triethanolamine, and 
triisopropanolamine were all in chemical grade. A type of 
monosaccharide was provided by a local sugar refinery. 
The FTIR spectroscopy of saccharide was determined 
with a Nicolet AVATAR 360 with resolution of 0.5 cm−1 
and the result is presented in Fig. 3. 
 
Table 1 Chemical and mineral compositions of 52.5R cement 
Chemical composition w/% 
CaO 63.89 
SiO2 19.80 
Al2O3 4.43 
SO3 3.77 
Fe2O3 3.08 
MgO 1.02 
K2O 0.67 
TiO2 0.18 
MnO 0.12 
Na2O 0.09 
P2O5 0.05 
Cl 0.009 
Mineral composition w/% 
C3S 64.60 
C2S 8.00 
C3A 6.53 
C4AF 9.36 
LOI 2.78 
 
In Fig. 3, Broad band at 3 600−3 200 cm−1 attributes 
to O—H, and the O—H in-plane bending vibration is 
 
 
Fig. 1 XRD pattern of 52.5R cement 
 
 
Fig. 2 Particle distribution of 52.5R cement 
 
 
Fig. 3 FTIR spectra of saccharide 
 
observed in 1 440−1 260 cm−1 band. Band at 2 900−    
2 840 cm−1 is due to the symmetrical CH stretching 
vibrations in —CH2. Band observed at 1 660−1 600 
cm−1 is due to C=O stretching vibrations. Band around 
1 000 cm−1 is attributed to C—OH stretching vibration. 
Band at 1 200−1 000 cm−1 corresponds to C—O 
vibration. 
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Since the effective Cl− content in CaCl2 is 64% and 
the maximum Cl− content in Chinese National Code for 
cement should not exceed 6×10−4, converting to CaCl2 
addition is 9.37×10−4 (≈ 1×10−3), thus in this study the 
dosage of CaCl2 was set to 1×10−3. For the equal 
comparison, a 1×10−3 Ca(NO3)2 was dosed. The 
maximum addition for TEA and TIPA was 2×10−4. The 
maximum dosage of saccharide, 4×10−4, was determined 
by the experience. All the chemicals were diluted to 1% 
aqueous solution, and then were added into mixing water 
for mortar preparation. 
 
2.2 Sample preparation and testing method 
The influences of accelerators (CaCl2 and 
Ca(NO3)2), alkanolamines (TEA and TIPA), and 
saccharide on performance of the treated cement were 
evaluated by fluidity and mechanical tests. 
The cement mortar was prepared according to GB/ 
T 17671. Fluidity test was conducted according to the 
China National Standard of GB/T 2419—2005. After the 
fluidity test, all the mortars from both mixing bowl and 
jolting table were cast into the mould on the vibrating 
table for preparing the specimen of strength test. To 
avoid the impact of moisture fluctuation from curing 
chamber, the surface of cement mortar was covered by a 
piece of waterproof membrane immediately after it was 
consolidated. The mould should be kept in the moist air 
chamber with curing temperature of (20±1) °C and with 
relative humidity of (95±2)%. The membrane should not 
be removed during the first h 24  initial curing. 
Demoulding should be done after initial curing to obtain 
the hardened specimens. The specimens were submerged 
vertically in water at (20±1) °C until compulsory ages for 
strength test (3 d and 28 d). In addition, 1 d compressive 
strength of the specimens was also tested since it is an 
important criterion to evaluate the early performance of 
the treated cement. 
 
3 Full factorial design 
 
The full factorial design is used for experimental 
studies, in which two or more factors are involved, and 
all possible combinations of two-levels across all factors 
will be taken into account for each experimental unit. All 
the effects of factors on the response variables, as well as 
the effects of possible interactions between factors on the 
response variables are studied [11]. 
The accelerator was set as categorical factor since it 
contained CaCl2 and Ca(NO3)2 and their dosages were 
fixed at 1×10−3. The rest of chemicals were set as 
continuous factors. Chemicals were all coded at low and 
high levels for convenient representation, as listed in 
Table 2. When fitting the model, analysis of variance 
(ANOVA) was used to judge the experimental error and 
the statistical significance of the terms in the model. The 
p-value determines the appropriateness of rejecting the 
null hypothesis in a hypothesis test. The p-value ranges 
from 0 to 1. The smaller the p-value, the smaller the 
probability that rejecting the null hypothesis is a mistake. 
The t-value resulted from Student’s t-test represents the 
significance of regression coefficient. The larger the 
value of t, and the smaller the value of p, the more 
significant the corresponding coefficient term will be. As 
the alpha (α) level in this study is defined as 0.10, items 
in ANOVA with p-value greater than 0.10 are considered 
insignificant to the responses. 
 
4 Results 
 
The influences of accelerators, TEA, TIPA and 
saccharide were studied by full factorial design. The 
chemical combinations are presented in Table 3. And the 
fluidity and the compressive strength of the treated 
cement at different curing ages are also listed in Table 3. 
Table 4 shows the statistics for fluidity and strength 
responses. 
Items with p-value less than 0.10 in Table 4 are 
considered significant to response. It has been found that 
the fluidity of fresh mix is determined by the main effect 
and interaction. The responses including 1, 3 and 28 d 
strength are only determined by the main effects. 
By judging whether the factor bars extend the 
reference line (determined by alpha level) or not, the 
significant chemical favoring the fluidity of fresh mix is 
saccharide as well as its interaction with TIPA, while the 
accelerator effect was insignificant, as shown in Fig. 4. 
The interaction effect of saccharide and TIPA is shown in 
.5  .Fig The improvement of fluidity is not simply 
determined by saccharide and TIPA in a linear way. The 
p-value of interaction of TEA and TIPA is 0.098, which 
 
Table 2 Coded and actual values of chemicals treated in cement 
Low level High level 
Chemical Factor type Symbol 
Coded Actual/10−6 Coded Actual/10−6 
Accelerators Categorical A CaCl2 Ca(NO3)2 
TEA Continuous B 0 200 
TIPA Continuous C 0 200 
Saccharide Continuous D 
−1 
0 
1 
400 
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Table 3 Design matrix of chemicals and performance of corresponding cement 
Chemical (Coded) Compressive strength/MPa 
Run No. 
A B C D 
Fluidity/mm 
1 d 3 d 28 d 
Ref. − − − − 187 15.8 32.0 63.2 
1 −1 1 1 −1 182 20.4 36.7 63.0 
2 −1 1 −1 1 196 19.9 40.0 61.3 
3 1 1 −1 −1 191 17.9 32.4 60.7 
4 1 −1 −1 −1 192 17.6 36.0 60.6 
5 −1 −1 1 1 198 20.3 40.0 70.0 
6 −1 −1 −1 −1 182 18.5 35.2 63.7 
7 1 1 −1 1 194 18.5 33.1 60.7 
8 1 1 1 1 195 17.2 30.6 65.7 
9 −1 1 −1 −1 194 20.2 39.0 62.3 
10 1 1 1 −1 178 18.3 30.8 64.5 
11 1 −1 −1 1 191 18.0 35.4 66.3 
12 1 −1 1 −1 182 17.4 30.8 68.6 
13 −1 1 1 1 203 20.8 37.5 66.0 
14 1 −1 1 1 197 17.5 32.6 71.0 
15 −1 −1 1 −1 187 19.6 36.2 71.0 
16 −1 −1 −1 1 191 20.5 41.4 67.4 
 
Table 4 Analysis of variance (ANOVA) for full factorial model 
Fluidity  1 d strength 3 d strength  28 d strength 
Item 
t p  t p t p  t p 
A-Accelerators −1.06 0.339  −9.77 0.000 −7.52 0.001  −0.97 0.378 
B-TEA 1.06 0.339  2.09 0.091 −1.27 0.259  −5.04 0.004 
C-TIPA −0.73 0.497  0.22 0.835 −2.94 0.032  5.39 0.003 
D-Saccharide 6.26 0.002  1.54 0.185 2.29 0.070  2.05 0.095 
A*B −1.71 0.149  −0.55 0.607 −1.41 0.218  0.67 0.530 
A*C −1.87 0.121  −1.98 0.105 −1.17 0.294  0.91 0.405 
A*D −0.73 0.497  −1.54 0.185 −1.72 0.147  0.67 0.530 
B*C −2.03 0.098  0.00 1.000 −0.08 0.936  −1.23 0.273 
B*D 0.73 0.497  −1.98 0.105 −0.151 0.191  −1.11 0.316 
C*D 4.14 0.009  −1.43 0.213 −0.019 0.859  −0.41 0.698 
Main effects  0.012   0.002  0.004   0.005 
Interaction  0.053   0.219  0.354   0.621 
R2/% 93.4   95.8  94.2   92.8  
Radj2/% 80.2   87.5  82.5   78.4  
 
also should be considered to be significant. However, it 
is less effective than that of TIPA−sccharide interaction. 
Figure 6 shows that the significant chemicals 
influencing the 1 d strength of treated cement are 
accelerators and TEA. It has been found that CaCl2 is 
more effective when Ca(NO3)2 is at equal dosage. The 
experimental results show that the addition of TEA is 
effective for the strength development of the cement by 
combining with either CaCl2 or Ca(NO3)2, as shown in 
Fig. 7. 
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Fig. 4 Pareto chart of standardized effect for fluidity 
 
 
Fig. 5 Interaction effect of saccharide and TIPA on fluidity 
 
 
Fig. 6 Pareto chart of standardized effect for 1 d strength 
 
The results in Fig. 8 indicate that the 3 d strength of 
the treated cement is still governed by the accelerators. 
The strength of the cements treated with Ca(NO3)2 is 
always lower than that of the cements treated by CaCl2 
despite other chemicals are combined. The influence of 
TEA on d 3  strength is not significant. The effect of 
saccharide appears and TIPA brings the negative 
influence to strength enhancement, as shown in Fig. 9. 
 
 
Fig. 7 Effect of TEA on 1 d strength 
 
 
Fig. 8 Pareto chart of standardized effect for 3 d strength 
 
 
Fig. 9 Effects of saccharide and TIPA on 3 d strength 
 
Figure 10 shows that the effects of CaCl2 and 
Ca(NO3)2 are almost equal, and they are not effective for 
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the 28 d strength enhancement of cement. The influence 
of TIPA is significant and positive to the strength 
development. The influence of TEA is also significant; 
however, it is negative as shown in Fig. 11. Despite the 
contribution of saccharide is also positive, it does not 
outperform TIPA. 
 
 
Fig. 10 Pareto chart of standardized effect for 28 d strength 
 
 
Fig. 11 Effects of organic components on 28 d strength 
 
5 Discussion 
 
The effectiveness of the cement additives containing 
chloride and non-chloride accelerator on the performance 
modification of Portland cement was studied and 
compared by means of statistics. Based on the full 
factorial design, neither CaCl2 nor Ca(NO3)2 impact the 
rheological property of the treated cement. The fluidity 
of the cement mortar is mainly improved by saccharide 
and its interaction with TIPA. In the absence of 
saccharide, TIPA is not effective even it is at the 
maximum dosage. However, TIPA can strengthen the 
effect of saccharide at high level addition (Fig. 12(a)). 
The advantage of TIPA-saccharide combination for 
rheological property of cement is rarely reported in 
previous literatures. 
In general, alkanolamines are used in comminution 
process for the purpose of reducing agglomeration of 
cement particles. Actually, they also influence the 
hydration of treated cement. The hydration of cement in 
the presence of alkanolamines was studied by many 
researchers. However, some of the findings were 
different or even contradictory. AGGOUN et al [12] 
reported that both 5×10−4 TEA and TIPA could enhance 
the strength of cement significantly at all curing ages. 
While MA et al [13] claimed that the compressive 
strength of cement mortar decreased with increasing the 
dosage of TEA within 2×10−4−8×10−4. KATSIOTI et al 
[14] studied 1.5×10−4 TEA-based grinding aids and 
concluded that it slightly increased the compressive 
strength of mortar. SANDBERG and DONCASTER [15] 
considered that a 2×10−4 TIPA could promote the 28 d 
strength of cement by 10%. In this investigation, it was 
found that TEA only contributed to the early strength 
enhancement, while the strength improvement on 28 d 
tended to be determined mainly by TIPA, which was 
similar with HUANG et al’s study [16]. TEA was proven 
to promote the dissolution of C3A; while TIPA tended to 
accelerate the hydration of C4AF. This indicated that 
TEA and TIPA should be used for specific strength 
targets, and their effectiveness might vary from cements 
since it could be affected by mineral chemistry of cements. 
The effects of CaCl2 and Ca(NO3)2 on the strength 
improvement of cement were significantly different only 
in early curing ages (1 d and 3 d). However, they were of 
no difference for 28 d strength enhancement. AGGOUN 
et al [12] claimed that the Ca(NO3)2-alkanolamine 
combinations had interaction effects that contributed to 
the strength improvement of cement on all curing ages. 
In this study, Ca(NO3)2-TEA combination was not 
effective to improve the 28 d strength of the cement. 
Neither did the Ca(NO3)2-TIPA combination contribute 
to the early strength enhancement. 
On the other hand, Ca(NO3)2-alkanolamine- 
saccharide combination was less effective to the early 
strength enhancement compared with CaCl2- 
alkanolamine-saccharide combination. However, it still 
sustained the strength improvement of the cement on all 
curing ages. By combining Ca(NO3)2 with TIPA and 
saccharide as displayed in Fig. 12, the addition of 
saccharide maintained the strength of cement despite 
TIPA tended to decrease it on three days (Fig.12(b)). As 
for the 28 d strength of cement, the correct combination 
of Ca(NO3)2-TIPA-saccharide was even more effective 
than that of CaCl2-TIPA combination (Figs.12(c) and 
12(d)). This indicates that it is promising to formulate a 
Hong HUANG, et al/Progress in Natural Science: Materials International 21(2011) 246−253 
 
252 
 
 
 
Fig. 12 Contour plots of chemicals for each response: (a) Interaction effect of saccharide and TIPA on fluidilty; (b) Effect of 
saccharide and TIPA on 3 d strength of cement; (c) Effect of TEA and TIPA on 28 d strength of cement in presence of CaCl2;      
(d) Effect of TEA and TIPA on 28 d strength of cement in presence of Ca(NO3)2 
 
chloride-free cement additive by using Ca(NO3)2-TIPA- 
saccharide combination that is able to guarantee the 
desirable strength improvements of cement on all curing 
ages. 
 
6 Conclusions 
 
1) The full factorial design indicating the strength 
enhancement on 1 day and 3 days is determined by the 
type of accelerators. Cement additives with CaCl2 and 
Ca(NO3)2 can enhance the early strength of cement 
significantly (1 d and 3 d), and CaCl2 is more effective. 
The type of accelerators is no longer important to the 
strength development of cement on 28 d. The 28 d 
strength improvement is governed by TIPA. A 2×10−4 
TEA only favors the strength on 1 day and it tends to 
hurt the strength on 28 days. 
2) The accelerator type does not influence the 
fluidity significantly. The fluidity of the cement is 
improved by the saccharide and its interaction with TIPA, 
which can be described as the fact that the addition of 
TIPA strengthens the effect of saccharide. 
3) The proper combination of Ca(NO3)2 with TIPA 
and saccharide can produce desirable strength 
improvement on all curing ages. It is promising for 
industrial application when cement additive containing 
chloride is strictly forbidden. 
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